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ABSTRACT: This paper presents a new type of process
for the cracking of ammonia (NH3) that is an alternative to
the use of rare or transition metal catalysts. Eﬀecting the
decomposition of NH3 using the concurrent stoichio-
metric decomposition and regeneration of sodium amide
(NaNH2) via sodium metal (Na), this represents a
signiﬁcant departure in reaction mechanism compared
with traditional surface catalysts. In variable-temperature
NH3 decomposition experiments, using a simple ﬂow
reactor, the Na/NaNH2 system shows superior perform-
ance to supported nickel and ruthenium catalysts, reaching
99.2% decomposition eﬃciency with 0.5 g of NaNH2 in a
60 sccm NH3 ﬂow at 530 °C. As an abundant and
inexpensive material, the development of NaNH2-based
NH3 cracking systems may promote the utilization of NH3
for sustainable energy storage purposes.
The Haber−Bosch process for the industrial synthesis ofammonia has, over the past century, led to a global
revolution in agriculture to the extent that almost half the crops
grown across the world today depend on ammonia-based
fertilizers.1 The reverse reaction may have a similarly trans-
formative potential, where the decomposition of ammonia into
nitrogen and hydrogen enables the provision of hydrogen for a
low-carbon energy economy.2 Indeed, high-density, aﬀordable,
and eﬃcient hydrogen storage is one of the key steps in the
realization of a hydrogen-based energy sector.3
Hydrogen (H2) is an attractive chemical fuel, with very high
gravimetric energy content (120MJ/kg) and an emissions proﬁle
free from carbon dioxide. Despite these advantages, its use has
been hindered by the lack of an eﬀective and eﬃcient method for
its storage. Current high-pressure (∼700 bar) storage is
expensive and energy-intensive, and imposes practical restric-
tions on tank dimensions. In response to this challenge, there has
been a signiﬁcant research eﬀort over the past 15 years that has
focused on new chemical hydrogen storage materials, particularly
solid-state materials which oﬀer impressive volumetric and
gravimetric hydrogen densities.4 Arguably, this focus may have
diminished the consideration of reversibility, cost, and
practicality of use of these materials. To date, very few candidates
show potential beyond that of the seminal work on titanium-
doped sodium alanate.5
Ammonia (NH3) has a high gravimetric (17.8 wt% H2) and
volumetric (121 kg H2 m
−3 in the liquid form) H2 density and is
produced on an industrial scale. Furthermore, it has an existing
extensive distribution network and is easily stored by liquefaction
at moderate pressure (ca. 10 bar at room temperature). While
both perceived and real safety risks due to the toxicity of NH3
have detracted from its appeal, its adoption as a vector for H2 has
not yet been realized largely because of the absence of an
eﬃcient, low-cost method for cracking NH3 to H2 and N2.
6
Although extensively used as a reagent in a variety of synthesis
processes,7 sodium amide (NaNH2) has attracted only passing
interest from the hydrogen storage community.8 Its low melting
point and high chemical reactivity make conventional analysis
methods challenging. Moreover, its modest H2 capacity and high
decomposition enthalpy (ΔH = 123.8 kJ mol−1) suggest, on
initial consideration, that NaNH2 is an unattractive H2 storage
candidate. However, as ﬁrst observed by Titherley in 1894,9 and
conﬁrmed in 1937 by Sakurazawa and Hara,10 NaNH2
decomposes to its constituent elements (eq 1). The formation
of two gases results in an unusually large entropy change, ΔS =
200.9 J K−1 mol−1, that leads to a modest theoretical
decomposition temperature of 343 °C.11 Bulk production of
NaNH2 is by reaction of sodium metal (Na) with gaseous (or
liquid) NH3, according to eq 2.
12
→ + +NaNH Na / N H2(s) (s) 21 2(g) 2(g) (1)
+ → +Na NH NaNH / H(s) 3(g) 2(s) 21 2(g) (2)
Run concurrently, these two reactions should eﬀect the
chemical decomposition of NH3 by cycling between sodium
amide and sodium metal (eq 3).
⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ ++2NH N 3H3(g)
Na NaNH
2(g) 2(g)
2
(3)
In 1894, Titherley noted this property in passing, stating that
“an interesting result is obtained on heating sodamide to dull
redness ... through which a current of ammonia is passing; the
latter is continuously decomposed into its elements”. Remark-
ably, this reaction has not been further studied nor its use and
application examined since.
Here we present the detailed conditions and discuss the
mechanism of NH3 decomposition by NaNH2. Using a simple
ﬂow reactor, we demonstrate high NH3 decomposition
eﬃciencies over extended periods at moderate temperatures.
Existing catalysts for low-temperature NH3 cracking are
predominantly based on transition metals. Ruthenium shows
the highest catalytic activity which is enhanced when the metal is
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impregnated into complex support microstructures with
promoter species.13−16 Our results indicate that the performance
of as-found NaNH2 for continuous stoichiometric NH3
decomposition is as eﬀective as a supported ruthenium catalyst.
The material costs, however, are very signiﬁcantly less. We
believe this combination of high eﬃciency and low cost of the
Na/NaNH2 system indicates the potential of this new class of
NH3 decomposition catalyst, and invites reconsideration of the
potential of NH3 decomposition as a viable delivery method of
H2, for applications ranging from small-scale distributed power to
massive grid-balancing and on-board use for transportation.
The NH3 decomposition reactions were performed in simple
cylindrical ﬂow reactors (316 stainless steel) of internal volume
46.9 or 21.3 cm3, Figure 1a (see also Supporting Information).
NH3 gas (99.98%) was supplied to the reactor via a custom-
designed gas control panel (Figure 1b) where the exhaust gas
stream was quantitatively analyzed by a Hiden Analytical HPR-
20 mass spectrometer (Quantitative Gas Analysis, QGA)
calibrated with a certiﬁed gas mixture of composition 2% NH3,
2% H2, 2% N2, and 94% Ar (balance). A typical experiment
comprised loading 0.5 g catalyst powder (NaNH2, Ni-SiO2-
Al2O3, or Ru-Al2O3) into the reactor under argon with
experiments performed at atmospheric pressure where the
system was operated either at a constant ﬂow (60 sccm NH3)
while varying the reaction temperature or at constant temper-
ature while varying the NH3 inlet ﬂow. Gas ﬂows were recorded
in standard cubic centimeters per minute (sccm). Neutron
diﬀraction data were collected on the POLARIS instrument17 at
ISIS, for 4 h at room temperature, from approximately 0.2 g post-
reaction powder samples contained within quartz capillaries.
Rietveld reﬁnement was performed using TOPAS Academic.18
If the decomposition of NH3 is stoichiometric, then the
reaction only involves interconversion between NaNH2 and Na
metal as described in eqs 1 and 2. To conﬁrm this hypothesis,
reactions were performed under ﬂowing NH3 (20−60 sccm)
using both NaNH2 and Na metal as initial reactants (Figure 2,
panels a and b, respectively), and the outgas was examined using
QGA. On heating, the NaNH2 sample (Figure 2a) shows a small
peak in the N2 signal at 155 °C, which is consistent with the
release of occluded or adsorbed N2 remnant from the synthesis of
NaNH2. For the Na sample (Figure 2b), a peak in the H2 signal at
330 °C is associated with the formation of NaNH2 from Na as
detailed in eq 2. TheQGA data show, as expected, that signiﬁcant
NH3 decomposition is observed for both samples above 360 °C
and that this increases with temperature. Over the duration of
each of these experiments, NaNH2 decomposes more than 100
mol equiv of NH3. This suggests that the H2 and N2 produced in
these experiments result from a catalytic cycle rather than any
other process.
At temperatures between 300 and 600 °C, Na and NaNH2
exist in equilibrium, with Na favored at higher temperatures as
NaNH2 becomes less stable. Neutron powder diﬀraction analysis
of the samples post-reaction (see Supporting Information,
Figures S2 and S3) identiﬁed NaNH2 as the major crystalline
component in both samples, with a small amount of Na
(∼12 wt%) detected in the sample originally present as NaNH2.
Given that there is no obvious H2 peak or increase in the
hydrogen-to-nitrogen ratio upon cooling, such as would result
from the conversion of Na back to NaNH2 (see eq 2), these data
indicate that NaNH2 is the major species at the temperatures of
the experiments shown in Figure 2.
The use of neutron powder diﬀraction also enables the
stoichiometry of each amide sample to be evaluated, as non-
stoichiometric species have been shown to be an integral part of
NH3-mediated processes in the lithium amide−lithium hydride
hydrogen storage composite.19,20 Rietveld analysis of each
neutron diﬀraction pattern returned hydrogen site occupancies
of 0.99(4) for the NaNH2 sample and 1.00(3) for the Na sample,
indicating that the amide is indeed stoichiometric. We conclude
that our results are consistent with the reaction mechanism
outlined in eqs 1−3 for the action of Na/NaNH2 on NH3.
The NH3 decomposition eﬃciencies of a selection of relevant
catalyst powders, tested at a constant 60 sccm ﬂow of NH3 across
various temperatures, are shown in Figure 3. We have used these
Figure 1. Reactor and experimental setup: (a) A typical 46.9 cm3 reactor
showing NH3 inlet, gas outlet, and thermocouple temperature probe
positions, with 0.5 g NaNH2, drawn to scale. (b) Experimental setup,
where the inlet NH3 gas ﬂow is controlled prior to the reactor, and the
outlet gas ﬂow is monitored by a mass ﬂowmeter and analyzed by a mass
spectrometer.
Figure 2. Ammonia decomposition reaction mass spectrometry traces
for NH3 (red, m/z = 17), H2 (cyan, m/z = 2), and N2 (blue, m/z = 28)
for the reaction of (a) 0.25 g of NaNH2 and (b) 0.15 g of Na. The
temperature (light gray) and NH3 ﬂow rate (dark gray) during the
experiment at atmospheric pressure are indicated in the top panels for
each reaction.
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data to compare the performance of NaNH2 to equivalent masses
of alumina-supported ruthenium and silica/alumina-supported
nickel catalysts. We observe 90% NH3 decomposition eﬃciency
at 500 °C using NaNH2, relative to 82% and 58% conversion at
this temperature using the ruthenium and nickel catalysts,
respectively. Under the conditions of these experiments, the
supported nickel catalyst oﬀers only marginal improvement over
the performance of the blank steel reactor. This is consistent with
the use of nickel generally being conﬁned to high-temperature
(∼900 °C) production of reducing atmospheres for metal heat
treatment. Ruthenium is generally accepted to be the most active
catalyst for the decomposition of NH3. The variable-temperature
decomposition eﬃciency of NaNH2 is similar to that of the
supported ruthenium catalyst in Figure 3, with superior
performance at high conversion values, while the ruthenium
catalyst appears to be more active at lower temperatures.
Recent catalyst studies have demonstrated that the ruthenium
catalysts beneﬁt from the development of more sophisticated
supports,21 along with additive materials14 and more optimized
reactor design.15 Indeed, the 2004 study by Yin et al.13 of
potassium hydroxide-modiﬁed ruthenium supported on a
magnesia−carbon nanotube composite shows almost 100%
NH3 decomposition eﬃciency at 500 °Cwith 0.1 g of sample and
an NH3 ﬂow rate of 100 sccm. Nickel−ruthenium composite
catalyst systems, which have been scaled up to kW scale
stationary cracking units, show a decomposition eﬃciency of
99.99% at 500 °C and 485 sccm of NH3 using 20 g of catalyst in a
packed tube reactor.22 These results are evidently superior to
those obtained for ruthenium and NaNH2 in this study.
However, the comparison in Figure 3 highlights the signiﬁcant
potential and impressive performance of NaNH2, with the
unmodiﬁed powder achieving >90% conversion at a lower
temperature than supported ruthenium. Given the signiﬁcant
scope for optimization of the operating parameters and variation
in the form and method of presenting of NaNH2, we anticipate
that NaNH2-based NH3 decomposition will perform as well as
the best ruthenium-based catalysts at a very signiﬁcantly reduced
materials cost.
Two of the most promising routes for enhancing NH3
conversion eﬃciencies lie in improving the containment and
increasing the active reaction surface area of Na/NaNH2. At the
temperatures of operation, both NaNH2 andNa are present as an
aerosol within the reactor and as a covering of the reactor base
and walls. With current reactor volumes and amounts of NaNH2,
the aerosol density will be low (∼2% of the liquid density), while
any covering of the reactor base and walls will be thin.
Furthermore, material loss from the reactor is occasionally
observed in our experiments over a period of several hours. To
improve both material containment and reaction surface area, a
1.6 mm thick nickel-foam baﬄe was placed 5 mm above the
bottom of the NH3 inlet tube (Figure S1). The results of these
experiments, undertaken at 475 °C and at variable ﬂow rate in a
46.9 cm3 reactor, are shown in Figure 4a. Four sets of data are
shown. The blank reactor alone produces an NH3 conversion
eﬃciency of 30−40% while the inclusion of the baﬄe increases
this eﬃciency by another 10%. NaNH2 (0.5 g) within the reactor
has an eﬃciency of 88.5% at low ﬂow rates (20 sccm); the
addition of the baﬄe results in a measured eﬃciency of 99.98%
and 96.5% at 20 and 50 sccm NH3 ﬂow rates, respectively. These
data indicate that the nickel baﬄe plays a signiﬁcant role in
enhancing the surface area/containment of the Na/NaNH2. This
ﬁrst step in the improvement of NH3 conversion eﬃciency
suggests that future reactor designs will lead to greatly improved
performance. Higher NH3 ﬂow rates (up to 500 sccm) have also
been explored. Conversion eﬃciencies for 0.5 g of NaNH2 with
2.0 g of nickel wool at three temperatures are shown in Figure 4b.
Figure 3. Comparison of NH3 conversion as a function of reaction
temperature (between 250 and 650 °C) for the blank 46.9 cm3 reactor
and 0.5 g of NaNH2, silica/alumina-supported nickel, and alumina-
supported ruthenium, at an NH3 ﬂow rate of 60 sccm. The data were
ﬁtted to a sigmoidal distribution (see Supporting Information).
Figure 4. Impact of containment methods. (a) Conversions obtained at
20−100 sccm ﬂow within a 46.9 cm3 reactor for 0.5 g of NaNH2 at∼475
°C in the presence of a Ni foam barrier (1.6 mm height). Data for a blank
reactor, Ni foam (only), and 0.5 g of NaNH2 (only) are shown for
reference. (b) Conversions obtained at higher NH3 ﬂows (50−500
sccm), within a 21.3 cm3 reactor, for 0.5 g of NaNH2 (green symbols) at
∼500 °C (solid circles) and∼550 °C (solid squares) in the presence of 2
g of nickel wool. The corresponding (i) alumina-supported ruthenium
with 2 g of nickel wool (yellow symbols), (ii) 2 g of nickel wool only
(gray symbols), and (iii) blank reactor data (open symbols) are shown
for reference.
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The highest measured H2 production rate (at 550 °C) is 475
sccm, corresponding to 63.3% conversion eﬃciency of a 500
sccm NH3 ﬂow. The conversion rates for the Ni wool alone were
only marginally better than the rates observed for the blank
reactor, indicating that the wool plays an eﬀective containment
role but has little catalytic eﬀect at these temperatures.
Light metal amides clearly show signiﬁcant potential as a new
class of catalyst for the eﬀective, eﬃcient, and inexpensive
decomposition of NH3 into H2 and N2. Of course, their potential
to catalyze the formation of NH3 is also worthy of investigation,
though the catalytic activity may be diminished under the
diﬀerent pressure regime required for NH3 synthesis. For the
application of NH3 decomposition, low-temperature fuel cells
either alkaline fuel cells or proton exchange membrane-based
are well placed to utilize the H2 produced. Given that a 1 kW fuel
cell requires a H2 supply of ∼13.5 L/min,
6 linear scale-up of the
highest production rate from Figure 4b to this power output
would require a reactor volume of 0.62 L, using 14.5 g of NaNH2.
However, the direct combustion of NH3 is, perhaps, the most
attractive short-term option. NH3 alone is diﬃcult to ignite, but a
2.5 wt% hydrogen-in-ammonia mixture is suﬃcient to enable
NH3 combustion.
23 Indeed, a recent high-performance car
achieved a range of 180 km with a 30 L NH3 tank.
24 Using the
current best conversion rates obtained in our experiments, this
mix could be provided, at suﬃcient ﬂow rates, using a total
reactor volume of 3.2 L, containing 75 g of NaNH2 (see
Supporting Information for full calculation).
These calculations indicate that ammonia-based transporta-
tion is achievable. While advances in the containment and
turnover frequency of the amide are necessary steps toward this
goal, we anticipate that signiﬁcant improvements in these areas
will be realized through the optimization of the reactor design
and materials properties of NaNH2.
In summary, we have shown that sodium amide is an eﬀective
ammonia decomposition catalyst that involves the stoichiometric
decomposition and formation of NaNH2 from Na metal. This
approach is a departure from traditional transition metal catalysis
and opens up a new class of amide-based materials for the
delivery of hydrogen from ammonia for use in sustainable energy
applications.
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